Background: Antimicrobial resistance threatens human health worldwide. Antimicrobial misuse is a major driver of resistance. Promoting appropriate antimicrobial use requires an understanding of how clinical microbiology services are utilized, particularly in resource-limited settings.
Introduction
Antimicrobial resistance (AMR) is an increasingly dangerous threat to human health worldwide. Preserving the utility of existing antimicrobials is vital. 1 Ensuring appropriate antimicrobial use can reduce AMR and improve outcomes, in both inpatient and community settings, [2] [3] [4] and is advocated by the WHO.
5, 6 Dellit et al. 7 describe the frequency of inappropriate antimicrobial use as a 'surrogate marker for the avoidable impact on antimicrobial resistance'. Addressing prescribing practices is a key feature of antimicrobial stewardship, 8, 9 with targeted interventions needed specifically for paediatrics and in resource-limited settings. 10, 11 Establishing a clinical microbiology service is a fundamental component of this. 12, 13 In contrast to reports evaluating technical microbiology laboratory processes, there are few reports evaluating clinical microbiology services, 14 which is vital if the efficacy of services is to be optimized. 15 Reasons for inappropriate antimicrobial prescribing include fear of treatment failure, lack of trust in laboratories and lack of knowledge. [16] [17] [18] In a survey of Cambodian physicians working in government hospitals, Om et al. 19 report that clinicians do not 'fully utilize microbiology services' based on the lack of knowledge of AMR rates and treatment of resistant organisms.
This study evaluated the existing clinical microbiology service at a non-governmental paediatric hospital in Cambodia, with regard to its effect on antimicrobial prescribing. This study explored the barriers to and facilitators of use of the service from the perspective of key stakeholders (physicians, microbiologists and hospital managers). In doing so, this study highlights the features of a clinical microbiology service that make it most useful, and which need to be prioritized. In an era of growing concern around AMR, it is essential that the resources dedicated to ensuring the appropriate use of antimicrobials are deployed effectively, particularly where those resources are limited.
Methods

Setting
This study was conducted at Angkor Hospital for Children (AHC), a nonprofit paediatric referral hospital in Siem Reap, Cambodia. AHC is an 87 bed facility which in 2016 saw 127900 outpatients and 5596 inpatients. 20 The clinical microbiology service (CMS) at AHC consists of a laboratory, two clinical microbiologists (one Cambodian and one expatriate) and treatment guidelines (in the format of the MicroGuide application from 2015). AHC has had a microbiology laboratory since 2006, with a comprehensive CMS since 2012. In 2016 the CMS processed 4518 blood and 272 cerebrospinal fluid cultures.
Study design
This mixed-methods study involved quantitative data collected from medical records, to evaluate current prescribing practice by determining the proportion of antimicrobial prescriptions that were appropriate to a recommendation. Focus group discussions (FGDs) and semi-structured interviews (SSIs) with hospital staff were conducted to determine the reasons for current prescribing practice, and facilitators and barriers to use of the CMS. Data collection occurred from February to June 2017. All data were anonymized.
Quantitative data
Empirical antimicrobial prescriptions were evaluated by randomly selecting 10 outpatients per week for the year 2016, and 20 inpatients per week for 4 weeks (prospectively) in each of the inpatient, neonatal and paediatric intensive care departments. A patient was included once per admission. Data collected included anonymized patient information, diagnosis, the empirical and guideline antimicrobial prescriptions, and documented reasons for discrepancy.
Positive cultures (excluding those deemed to be contaminated by skin flora) from blood and cerebrospinal fluid were identified from 1 January 2014 to 31 December 2016. Post-culture antimicrobial prescriptions were evaluated for these patients. The data collected additionally included the clinical microbiologist's recommendations, and post-culture antimicrobials. Cultures from the same patient-episode (one illness episode as determined from the medical record) with the same result were recorded once.
Prescriptions were assessed to see whether the antimicrobial (name only) chosen matched the recommendation. English is used in clinical practice and for medical documentation at AHC.
For empirical prescriptions, the recommendation was the guideline antimicrobial for that diagnosis. Patient-episodes with no empirical antimicrobial prescriptions were assessed for the appropriateness of this according to the guideline for that diagnosis. For post-culture prescriptions the recommendation was either microbiology advice, antimicrobial susceptibility test (AST) results or the guideline, in that order of priority. For unclear prescriptions, expert opinion from the senior clinical microbiologist was sought. Documented reasons for discrepancy from the recommendation were deemed appropriate. Prescriptions not in accordance with any recommendation were categorized 'not appropriate'.
Statistics
Data were analysed using the R statistical package (R Foundation for Statistical Computing, Vienna, Austria) and described as proportions. Comparisons between groups were done using the v 2 test (z-test).
Qualitative data
Prescribers at AHC (outpatient triage nurses and resident, middle-grade and senior doctors) from different departments were convenience sampled using sign-up sheets for potential participants to register their interest. Participants were invited to FGDs exploring how they utilize the CMS, and factors that facilitate or inhibit its use. The two clinical microbiologists and two senior medical management staff were purposively sampled for individual face-to-face semi-structured interviews exploring participants' opinions on antimicrobial prescribing at AHC.
With participants' written informed consent FGDs and SSIs were audiorecorded. One author (S. F.-L.) facilitated and transcribed in English, with Khmer (national language) translation as needed by another author (S. P.). Concurrent data collection and analysis allowed iteration, and ceased when data saturation was reached. 21 Transcripts and field notes were imported into the NVivo software package (QSR International Pty Ltd., version 11, 2015) to aid analysis. An inductive approach was taken to thematic content analysis. 21 
Ethics
Ethics approval was obtained from the Oxford University Tropical Research Ethics Committee (OxTREC 504-17) and the AHC Institutional Review Board (AHC-IRB 089/17). Written informed consent was obtained from all participants in the FGDs and SSIs. This study was conducted in accordance with the Declaration of Helsinki and Good Clinical Practice, and adhered to the Research Governance policies of the University of Oxford.
Results
Appropriateness of antimicrobial prescribing
Overall, 84% of empirical prescriptions and 89% of post-culture prescriptions were appropriate to a recommended choice of antimicrobial.
In total, 1028 patient-episodes were included for analysis; 666 empirical patient-episodes and 362 post-culture patient-episodes ( Figure S1 , available as Supplementary data at JAC Online, summarizes the patient-episodes included). The most commonly prescribed classes were b-lactams, macrolides and aminoglycosides, with ceftriaxone the most frequently prescribed antibiotic.
Empirical antimicrobials were prescribed in 518 (50%) patientepisodes ( Table 1 ). The outpatient department prescribed the Fox-Lewis et al.
lowest proportion of empirical antimicrobials (P , 0.0001). The most common diagnoses for which empirical antimicrobials were prescribed were pneumonia, typhoid and sepsis.
The 518 patient-episodes involved 638 empirical antimicrobial prescriptions (92 patient-episodes with two or more antimicrobials prescribed). Of these, 103 could not be assessed because there was no clear indication (70), no guideline (13) or the guideline stated 'discuss with microbiology' (20) . Of the 535 prescriptions that could be assessed, 447 (84%) were appropriate ( Figure 1 ).
There was no statistically significant difference in empirical antimicrobial appropriateness by department (P " 0.3207) or patient age group (P " 0.157) (Tables S1 and S2).
Among the 510 patient-episodes with no empirical antimicrobial prescriptions, the most common diagnoses were upper respiratory tract infection, gastroenteritis and bronchiolitis. The majority of these patient-episodes [428 (84%)] appropriately contained no empirical antimicrobial prescriptions.
The 362 post-culture patient-episodes ( Figure S2 summarizes the patient-episodes included) involved 443 prescriptions. Microbiology advice was documented for 159 prescriptions, and was followed in 143 (90%). Overall, 394 (89%) prescriptions were appropriate (Table 2) . Of the recommendation groups that these prescriptions were appropriate to, microbiology advice formed the largest group (32%).
While overall prescribing appropriateness was high, postculture prescriptions were significantly more likely to be appropriate than empirical prescriptions [89% versus 84% (P " 0.015)].
Facilitators of and barriers to CMS utilization
Five FGDs and four SSIs with 35 participants were conducted; Table  3 summarizes their characteristics. Figure 1 . The number of empirical antimicrobial prescriptions that were appropriate. Utilization of a microbiology service
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As shown in Table 3 , equal numbers of junior and senior doctors participated in FGDs. Fewer triage nurses participated, due to the fact that the majority of antimicrobial prescribing at AHC is done by doctors. Most participants were male, reflecting that the majority of staff at AHC are male. The SSI participants were older and had worked at AHC for longer, reflecting their more senior positions. Clinical departments were evenly represented in the FGDs.
Eight key themes emerged from the qualitative data regarding utilization of the CMS: facilitators (understanding the role of the CMS, comprehensive, accessibility and trust) and barriers (lack of clinical confidence, hierarchy, fixed beliefs and behaviours, and communication).
Facilitators
Understanding the role of the CMS. All groups unanimously agreed that the CMS was valuable and had improved antimicrobial use at AHC (quote 1.1, Table 4 ). Specific training was directed towards ensuring physicians understood the role of the CMS.
Management staff said that this was a key reason why the CMS was used effectively at AHC (quote 1.2, Table 4) .
Equally important was a clear understanding of the physician's role in providing accurate clinical information, ensuring aseptic sample collection and using antimicrobials judiciously. Physicians partaking in this study understood the impact this has on AMR and optimizing the cost of healthcare (quote 1.3, Table 4 ).
All groups of participants reported that in their experience AHC had better antimicrobial prescribing practices than other healthcare facilities in Cambodia. Participants related this to the presence and nature of the CMS at AHC, specifically that it was comprehensive, accessible and trustworthy, as discussed below. Participants recognized that the effective use of the CMS was due to physicians understanding its value and remit, and also their role in achieving useful results (quote 1.3, Table 4 ).
Comprehensive. Participants appreciated the complete service offered by the CMS of laboratory tests, guidelines and clinical microbiologists. Physicians particularly spoke of how useful contact with clinical microbiologists was in aiding their decision-making (quote 2.1, Table 4 ).
Clinical microbiologists provided a human interface linking the laboratory and physicians, optimizing understanding between the teams (quote 2.2, Table 4 ). This interface reinforced when and how best to use the laboratory, helped the laboratory understand which tests to conduct, and by engaging directly with physicians enhanced their knowledge of microbiology. As such, this human interface provided a channel through which to bolster antimicrobial stewardship activities (quote 2.3, Table 4 ).
Accessibility. Physicians valued the accessibility of the CMS, particularly the ease of contact with clinical microbiologists. Clinical microbiologists would promptly relay significant laboratory results and their meaning to physicians. Participants acknowledged how useful this accessible human interface was in providing timely, high-quality patient care (quote 3.1, Table 4 ).
Trust. The efficacy of a comprehensive accessible CMS hinged on physicians acting on information provided. For this to occur, physicians must trust the information delivered by the CMS. Participants said that they trust the CMS because of its demonstrably high quality (e.g. participation in external quality assurance) and the generation of useful results (quote 4.1, Table 4 ). Open channels of communication allowed the development of 'mutual trust' between the CMS and physicians, enabled by the human interface of clinical microbiologists.
Generating locally relevant data was deemed very important by all participants, and enhanced trust in the stewardship messages delivered by the CMS (quote 4.2, Table 4 ).
Participants also spoke of barriers to effective utilization of the CMS: lack of clinical confidence, hierarchy, fixed beliefs and behaviours, and communication.
Barriers
Lack of clinical confidence. Physicians described how uncomfortable they were with 'treating blindly', feeling more confident with microbiological evidence to guide their decisions. Physicians Table 3 . Characteristics of focus group discussion (FGD) and semi-structured interview (SSI) participants Characteristic FGD participants (n " 31), n (%) SSI participants (n " 4), n (%) Fox-Lewis et al. s not the problem of the facility, but they just personally, yeah. And I appreciate that the micro team works hard, they generally try very hard to talk with the physicians, even when they don't accept their advice but they try hard to explain it to them. management 7.2 Sometimes, like at the private hospital, they prescribe because they can charge. You understand? They charge money. And also they can get benefits from the pharmaceutical company . . . For patients, their culture when they come to the hospital is that they need medicine. Mostly if we don't prescribe antibiotics they don't feel confident, they are not happy . . . So this is the challenge, to change this culture. We continue, we try, we will not stop doing, and we will continue providing our service. And we encourage them to understand, and I hope that the challenge will be reduced . . . I am a person to bridge, to narrow the gap between the clinicians bit by bit, bit by bit. And with time it's going to be closer together. And people come to understand each other.
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Utilization of a microbiology service JAC could then feel sure that they were doing the right thing. Without microbiological evidence, they would fall back on clinical features to make decisions, but suggested that they were less comfortable with this (quote 5.1, Table 4 ). Physicians said they did not feel confident in selecting antimicrobial treatment when the clinical features and microbiological result were discrepant. In these situations they discussed with the microbiologists, relying on this interface between them and the microbiological result (quote 5.2, Table 4 ).
Hierarchy. Occasionally microbiology advice was not followed. Senior doctors made the final treatment decisions. Participants described a strong clinical hierarchy, which made discussions around suitable treatment challenging.
Even when they would treat a patient based on microbiology advice, junior doctors were unable to if their senior held a different view, because of the clinical hierarchy. Junior doctors described discomfort with questioning their senior's actions, and in practice their prescriptions could only be actioned after a countersign from their senior (quote 6.1, Table 4 ).
Participants mentioned that the advisory nature of clinical microbiology meant that overall responsibility for the patient lay with the clinical team. Senior doctors said that the microbiologist's advice would be considered, but ultimately the treatment decision was theirs (quote 6.2, Table 4 ).
Microbiologists and management staff also felt that the established hierarchy provided the biggest challenge to antimicrobial stewardship.
Fixed beliefs and behaviours.
Participants reported that (mainly senior) doctors harboured fixed beliefs about antimicrobial treatment. Diagnostic microbiology has advanced over the years, but participants reported that some senior doctors had not updated their practice accordingly (quote 7.1, Table 4 ).
Participants thought this may be because the senior doctors were reluctant to update their practice, or because they practised in an over-cautious way (as explained in 'Lack of clinical confidence'). Competing interests, such as monetary gain and patient demands for antimicrobials, were also reported as reasons for inappropriate prescribing (quote 7.2, Table 4 ). Some physicians at AHC also worked at other fee-charging facilities, which may have influenced their prescribing practices.
Participant-suggested strategies to resolve these challenges were perseverance and maintaining the human interface (quotes 7.1 and 7.3, Table 4 ). Maintaining open channels between physicians and the laboratory, by way of the clinical microbiologists, was regarded as crucial by participants in affecting behavioural change over time.
Communication. Communication was the main barrier to CMS utilization for physicians. Discussion occasionally resulted in conflict between the clinical and microbiology teams. Senior doctors said this made them feel frustrated and undervalued (quote 8.1, Table 4 ). Both teams desired more mutual understanding at times.
Participants noted that the cultural context of these challenging discussions was important. In Cambodian society, the difficulties in challenging someone in a position of higher hierarchy were compounded by the concept of 'saving face'. Directly challenging or questioning someone was taboo because they would 'lose face' (quote 8.2, Table 4 ). It also meant that someone may not openly say they disagree or do not understand.
All groups agreed that working together as a team was essential, as was keeping the discussion patient-centred, as ultimately all parties wanted the best possible outcome for the patient (quote 8.3, Table 4 ).
Overall, these findings showed that the CMS, by way of the clinical microbiologists, could bridge the microbiology and clinical teams, resulting in optimal patient care (illustrated in Figure 2) . Factors that facilitated effective use of the CMS were understanding its role, and it being comprehensive, accessible and trustworthy. These factors helped overcome the barriers to its use: lack of clinical confidence, clinical hierarchy, fixed prescribing beliefs and behaviours, and communication.
Discussion
There is growing global concern about AMR, and focus on solutions to tackle it. Several reviews call for the strengthening of microbiology laboratory facilities. 12, 13, 16, 22 This study finds that, in addition, in order to address antimicrobial prescribing behaviour the human interface provided by clinical microbiologists is essential: it would be remiss to neglect this. Furthermore the CMS must be delivered in a culturally appropriate manner, with training to help physicians understand its value. Fox-Lewis et al.
Review articles report that roughly half of inpatients receive antimicrobial treatment. 10, 23 This study also found that 50% of patients were prescribed empirical antimicrobials. However, outpatient antimicrobial use was lower, at only 31% of outpatients.
Reviews also found that 30%-50% of prescriptions are inappropriate.
2,23 A Cambodian study found that 85% of clinicians would inappropriately prescribe antimicrobials for common cold. 19 Contrastingly, in this study prescribing practices were mainly appropriate: 84% of empirical and 89% of post-culture prescriptions contained the appropriate choice of antimicrobial. There were no differences in appropriateness between departments, which is expected since junior doctors rotate through departments.
Previous work found that most Cambodian physicians did not have access to microbiology services, and even when they did only 58% of physicians would act upon microbiology results. 19 However, this study found that where microbiology advice was given, it was followed (90%). Physicians at AHC associate the current good practice with the presence of the CMS, and as this study shows, act upon the information from it.
Key facilitators to utilization of the CMS include accessibility, with the presence of onsite clinical microbiologists important in facilitating discussions. Clinical microbiologists were identified as an essential component to a comprehensive service. Developing this resource of clinical microbiologists or infection doctors will require particular attention in resource-limited settings, where postgraduate specialty training programmes are often lacking. 19 When implementing a CMS, training dedicated to helping physicians understand its role will make it more likely that they engage with and use the service. Trust in a high-quality CMS means physicians believe and act upon the results.
Similar to previous reviews, this study found that lack of physician confidence, inappropriate prescribing behaviours, patient demands and economic pressures drive antimicrobial misuse. 16, 22 In addition, this study found that clinical hierarchy, occasional communication difficulties and the sociocultural phenomenon of 'saving face' are further barriers. These concepts are not unique to Cambodia; in any global setting local cultural practices will need to be addressed. By working alongside physicians and retaining Cambodian staff, the CMS endeavours to strike a delicate balance between culturally sensitive communication and effective antimicrobial stewardship.
To our knowledge, this is the first study to evaluate the effect of an existing clinical microbiology service on antimicrobial prescribing practices, using a mixed-methods approach to holistically understand current practice, as advocated by Radyowijati et al. 16 Limitations of this study include that medical record review was the only way to gather much of the quantitative data. Thus, there may be cases of inaccuracy in the clinical documentation which could have affected the results. Qualitative data collection needed to rely on convenience sampling, in order to respect participants' commitments to their clinical duties, and therefore some clinicians who may have wished to participate could have been excluded. This single-centre study conducted at a non-government hospital may not be representative of other institutions in resource-limited settings. However, the very nature of being conducted at one site that is non-government has allowed this study to examine in depth the ways in which a CMS can best be used to improve antimicrobial prescribing. The conclusions drawn from this study would potentially be applicable to a wide variety of settings where there is a need to establish or strengthen microbiology services.
This study highlights how a CMS can most effectively be implemented, making it globally applicable. In order to halt the growing problem of AMR, ensuring appropriate antimicrobial use is key. In order to change prescribing practices to enhance antimicrobial stewardship, establishing microbiology laboratory facilities, or providing data, is alone not sufficient. There must be a human interface of trained microbiologists or infection doctors to liaise between the laboratory and physicians. Implementing this in a culturally appropriate manner, with training for physicians to understand its use, will enable the most effective utilization of the clinical microbiology service.
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